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The insect-borne Bluetongue virus (BTV) is considered the prototypic Orbivirus, a member of the Reovirus
family. One of the hallmarks of Orbivirus infection is the production of large numbers of intracellular tubular
structures of unknown function. For BTV these structures are formed as the polymerization product of a single
64-kDa nonstructural protein, NS1, encoded by the viral double-stranded RNA genome segment 6. Although
the NS1 protein is the most abundant viral protein synthesized in infected cells, its function has yet to be
determined. One possibility is that NS1 tubules may be involved in the translocation of newly formed viral
particles to the plasma membrane, and NS1-specific monoclonal antibodies have been shown to react with viral
particles leaving infected cells. In the present study we generated a mammalian cell line that expresses a
recombinant single-chain antibody fragment (scFv) derived from an NS1-specific monoclonal antibody (10B1)
and analyzed the effect that this intracellular antibody has on BTV replication. Normally, BTV infection of
mammalian cells in culture results in a severe cytopathic effect within 24 to 48 h postinfection manifested by
cell rounding, apoptosis, and lytic release of virions into the culture medium. However, infection of scFv-
expressing cells results in a marked reduction in the stability of NS1 and formation of NS1 tubules, a decrease
in cytopathic effect, an increased release of infectious virus into the culture medium, and budding of virions
from the plasma membrane. These results suggest that NS1 tubules play a direct role in the cellular patho-

genesis and morphogenesis of BTV.

Many viruses carry genes that encode both structural pro-
teins that make up the virion particle and nonstructural (NS)
proteins that are found only in the infected cell and are not a
component of the mature virion. The structural proteins pro-
vide virions with functions such as genome encapsidation and
transcription, capsid formation, receptor binding, and target
cell entry. Indeed, the vast majority of information available
regarding the structure and function of viral proteins is in
reference to the structural proteins. In comparison to the data
for structural proteins, conversely, relatively little is known
about the structure and function of NS proteins from double-
stranded RNA (dsRNA) viruses. It is primarily thought that
these proteins play supportive roles in virus replication such as
acting as chaperones for molecular folding, intracellular sort-
ing and transport, genome packaging, capsid assembly, virus
release, and control of cellular responses to infection (5, 6,
13-16, 24, 25, 32, 34). In some cases, NS proteins are dispens-
able for infection and replication of cells in culture but are
almost always required for establishment and maintenance of
a productive infection in the animal host and are often in-
volved in viral pathogenesis (2, 29). Finally, and perhaps most
importantly, the genes encoding viral NS proteins on the whole
tend to be the most highly conserved sequences within the viral
genome, which not only underscores their essential roles in
virus survival but also brands them as attractive targets for
therapeutic antiviral intervention strategies.
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Bluetongue virus (BTV), an Arbovirus member of the Reo-
viridae family, is a complex nonenveloped virus with a seg-
mented, dSRNA genome (28). The virion particle is composed
of concentric layers of four separate virally encoded structural
proteins: an outer capsid shell of two proteins, VP2 and VPS5,
involved in virus attachment and entry and an inner core of two
proteins, VP3 and VP7, that serve to encapsidate the 10 seg-
ments of dSRNA and three additional minor proteins that
function primarily as (i) an RNA-dependent RNA polymerase
(VP1), (ii) a guanylyltransferase (VP4), and (iii) a helicase
(VP6). In addition to these structural proteins, BTV encodes
four NS proteins, NS1, NS2, and NS3 and the related NS3A,
whose functions in the viral life cycle are not fully understood.
More is known about the functional mechanisms of NS3, the
only viral-encoded cell surface glycoprotein, than about any of
the other BTV NS proteins. Recent studies have shown that
NS3 interacts specifically with the p11 subunit of the heterotet-
rameric calpactin II complex as well as with the VP2 outer
capsid protein of BTV (1). Because calpactin II is involved in
cellular exocytosis, it has been proposed that the interactions
between pl1, NS3, and VP2 provide a mechanism by which
newly assembled virions exploit the exocytic pathway for non-
lytic virus release. This viral maturation pathway may be par-
ticularly important during infection of insect vectors such as
Culicoides species, which appear to be less pathogenic to the
host than is observed during the infection of mammalian coun-
terparts. The NS2 protein is synthesized to a high level in
infected cells and is mostly present in cytoplasmic inclusion
bodies. It is the only virus-specific phosphoprotein, is rich in
charged amino acid residues, and has been shown to bind
ssRNA but not dsRNA (30). It is believed that NS2 is involved
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in recruiting specific viral RNA species into inclusion bodies
during the assembly of virus components (18).

The most abundantly expressed protein during BTV infec-
tion is the 64-kDa NS1 protein. One of the most striking
intracellular morphological features during BTV infection is
the formation of abundant tubular structures within the cyto-
plasm. Expression of the NS1 gene in insect cells by recombi-
nant baculovirus results in tubule formation similar to that
observed during BTV infection (31). Cryoelectron microscopic
analysis revealed that BTV tubules have a helical configuration
with an average diameter of 52.3 nm and a length of up to
1,000 nm (10). No function has been ascribed to these tubules
to date, although it has been suggested that these may play a
role in virus particle translocation to the plasma membrane
because NS1-specific monoclonal antibodies have been shown
to react with virus particles that are in close proximity to
inclusion bodies or that are exiting from infected cells (4).
Mutational analysis of the NS1 gene from the BTV-10 serotype
has shown that the amino and carboxy termini, as well as a pair
of internal cysteine residues at positions 337 and 340, are
essential for NS1 tubule formation (22). Several independent
lines of evidence suggest that the carboxy terminus of NS1 is
exposed on the surface of tubules: (i) the primary antigenic site
of NS1 has been localized to the carboxy terminus (23), (ii)
addition of extra peptide sequences and whole proteins such as
green fluorescent protein (GFP) to the carboxy terminus of
NS1 has no effect on tubule formation (7, 8, 21), and finally,
(iif) monoclonal antibodies raised to linear epitopes corre-
sponding to the carboxy terminus react specifically with intact
tubules analyzed by immunoelectron microscopy (23).

In an attempt to better understand the function of NS1 we
decided to interrupt tubule formation and monitor the effects
on BTV replication. The common approach for most viruses
would be to introduce a lethal mutation in the gene of interest
and generate a recombinant virus carrying this gene by reverse
genetics; however, no such system exits for introducing muta-
tions in the dsSRNA genome of BTV. Therefore, we have un-
dertaken an alternative approach for expression of an intra-
cellular antagonist to the NS1 protein in anticipation that it
would interfere with tubule formation or function. Our previ-
ous studies revealed that the carboxy terminus of NSI1 was
required for tubule formation and that a hybridoma cell line
that we generated was able to produce a NS1 monoclonal
antibody specific to this region (23). Therefore, it is reasonable
to believe that introducing this antibody or its antigen-binding
domain into BT V-infected cells would serve our purpose; and
indeed, this was the case. The approach we settled on was the
relatively well-characterized single-chain antibody expression
system (29).

MATERIALS AND METHODS

Viruses and cells. BTV type 10 was plaque purified and propagated as de-
scribed elsewhere (20). BSR cells, a derivative of hamster kidney BHK cells, were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and a mixture of penicillin and streptomycin. BSR
Tet-Off cells were maintained as described above with the addition of 100 wg of
G418/ml. BSR-scFv-aNS1 and BSR-EGFP cells were maintained in the same
manner as BSR Tet-Off cells but with the addition of 100 g of hygromycin/ml
and 1 pg of doxycycline (Dox)/ml.

Construction of a single-chain antibody fragment (scFv) and expression in
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mammalian cells. The standard methods and reagents we employed for con-
struction and selection of bacteriophage displaying a high-affinity scFv have
previously been described (11). Briefly, total mRNA was isolated from hybrid-
oma cell line 10B1 and used for PCR amplification and linkage of VH and Vk
genes. The linked V genes were then ligated into the NotI site of pHEN1, and
the resulting plasmid, pHEN-sc10B1, was transformed into competent TG1
Escherichia coli by electroporation. The bacterial culture was then transduced
with a M13Ko7 phage library, and recombinant sc10B1-displaying phage was
rescued by panning in immunotubes coated with purified NS1 protein followed
by a round of colony isolation and phage enzyme-linked immunosorbent assay as
previously described (11, 29).

Construction of a double stable BSR cell line for coexpression of single-chain
antibody and EGFP. Recombinant sc10B1-displaying phage were used to rein-
fect TG1 E. coli and prepare DNA for excision of the sc10B1 gene with Notl.
This fragment was then ligated into the NotI site of pB1-EGFP (Clonetech) and
was designated pB1-EGFP-sc10B1 and used to transfect BSR Tet-Off mamma-
lian cells (Clonetech) in combination with a second plasmid, pTK-Hyg (Clone-
tech), to permit selection using 200 pg of hygromycin/ml of a double stable cell
line which expresses both the sc10B1 molecule and the enhanced GFP (EGFP)
reporter gene (3). An additional cell line, BSR-EGFP, was generated to serve as
an experimental control by cotransfecting pB1-EGFP and pTK-Hyg and select-
ing for Hyg".

Radioimmunoprecipitation, sucrose gradient centrifugation, and pulse chase
analysis. For detection of the scFv-aNS1 molecule, BSR-scFv-aNS1 cells were
cultured in 35-mm-diameter dishes in the presence or absence of 1 pg of Dox/ml
and radiolabeled with 200 pCi of [*S]Met-Cys for 1 h. The cells were then
disrupted in lysis buffer containing Tris, NaCl, and EDTA (TNE) buffer and 1%
NP-40, and the radiolabeled lysates were immunoprecipitated using purified NS1
tubules, rabbit antiserum to NS1 (RaaNS1), and protein A Sepharose. After the
immune complexes were washed several times with NP-40 lysis buffer, the sam-
ples were denatured with B-mercaptoethanol and boiling and analyzed by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) and
autoradiofluorography.

For analysis of BTV tubule formation, BSR-scFv-aNS1 cells were grown in
cultures in 100-mm-diameter dishes in the presence or absence of 1 pg of
Dox/ml, infected with BTV-10 at a multiplicity of infection (MOI) of 1, and
radiolabeled at 24 h postinfection (p.i.) with 200 wCi of [>*S]Met-Cys for 1 h. The
cells were then disrupted in NP-40 lysis buffer, and the radiolabeled lysates were
loaded onto 20 to 60% continuous sucrose gradients in TNE buffer in SW-41
centrifuge tubes and centrifuged for 2 h at 20,000 rpm. Fractions were collected
and immunoprecipitated with RaaNS1 and then processed for SDS-PAGE as
described above.

For pulse chase analysis of NS1, BSR-scFv-aNS1 cells were grown in cultures
in 35-mm-diameter dishes in the presence or absence of 1 pg of Dox/ml, infected
with BTV-10 at an MOI of 5, and pulse labeled at 24 h p.i. with 200 nCi of
[>°S]Met-Cys for 15 min. The labeling medium was replaced with normal
DMEM, and the cultures were chased for 4 additional hours. Pulse and chase
samples were disrupted with NP-40 lysis buffer, immunoprecipitated with
RaaNS1, and processed for SDS-PAGE analysis as described above.

Electron microscopy. Cells were grown to confluency on 35-mm-diameter
dishes, infected with BTV-10 at an MOI of 5, fixed with gluteraldehyde at 24 h
p.i., postfixed for 1 h at 4°C in osmium tetroxide in phosphate-buffered saline,
and prepared for electron microscopy as previously described (12). Specimens
were examined with a Hitachi H7000 microscope.

RESULTS

Construction and selection of a high-affinity single-chain
antibody fragment (scFv) to the NS1 protein. In short, con-
struction of a single-chain antibody fragment involves the res-
cue of immunoglobulin variable-region genes (V genes), which
encode the antigen binding specificity, from mouse hybrid-
omas. The gene rescue is performed by independently PCR
amplifying the V-gene regions of both the heavy and light
chains from the antibody genes of interest and linking them
together as a single polypeptide-encoding gene via a stretch of
glycine codons. We used 10B1, the mouse hybridoma cell line,
which produces a monospecific antibody that binds with high-
level affinity to the carboxy terminus of the NS1 protein en-
coded by the BTV-10 serotype (23). Following the standard
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FIG. 1. Construction of a double stable BSR cell line for coexpression of scFv-aNS1 and EGFP. (A) The scFV-aNS1 gene fragment was
rescued from phage and ligated into the Tet-Off-responsive plasmid pB1-EGFP (Clonetech) and cotransfected into BSR Tet-Off cells along with
pTK-Hyg (Clonetech) carrying a selectable marker (Hyg") for isolation of clones in the presence of hygromycin. MCS, multiple cloning site.
(B) One clone, designated BSR-scFv-aNS1 (shown in all four panels; light microscopy was used to produce the images shown in the top panels,
and fluorescence microscopy was used to produce the images of the same clone shown in the bottom panels), was selected for its tight regulation
and high-level expression of the EGFP reporter gene in the absence (—) of Dox, as determined by fluorescence microscopy (bottom right panel).
There was no EGFP fluorescence observed in the presence of Dox (bottom left panel). (C) Radioimmunoprecipitation and SDS-PAGE analysis
of BSR-scFv-aNSI1 cells in the presence (+) and absence (—) of Dox, showing expression of scFv-aNS1 in the absence of Dox (right lane).

protocols described in Materials and Methods for single-chain
antibody fragment construction and isolation, we identified the
presence of several phage-display clones with high-level bind-
ing specificity for the BTV-10 NS1 protein and selected one for
construction of the mammalian cell expression system de-
scribed below.

Inducible, intracellular expression of scFv-aNS1 in mam-
malian cells. One of the major problems associated with con-
stitutive expression of intracellular antibody molecules, often
referred to as “intrabodies,” in mammalian cell lines is that
they are often toxic to the cell over extended periods of time
and therefore make selection and maintenance of clonal lines
difficult. To overcome this obstacle we utilized an inducible-
expression system called Tet-Off (Clonetech), which is a tetra-
cycline-regulated expression system that is especially suited for
ubiquitous expression of potentially toxic genes in cell cultures.
With the Tet-Off system, removal of tetracycline (or of the
tetracycline derivative Dox) from the culture medium results in

high-level transcription initiation from a P, ;,cnvv.» promoter
under the control of a tet-responsive element (Fig. 1A).
Following cotransfection of pB1-EGFP-sc10B1 and pTK-
Hyg into BSR Tet-Off cells, a clone was selected in the pres-
ence of hygromycin that expressed high levels of EGFP (Fig.
1B) and analyzed by radioimmunoprecipitation and SDS-
PAGE for coexpression of the sc10B1 intrabody, hereinafter
referred to as scFv-aNS1 (Fig. 1C). Following induction of
scFv-aNS1 there were no detectable changes in cell viability or
host protein expression over a period of 5 days compared to
the results seen with uninduced cultures (data not shown).
These results show that a continuous mammalian cell line
(designated BSR-scFv-aNS1) was obtained that can be effi-
ciently regulated to express an intracellular single-chain anti-
body fragment specific for the NS1 protein of BTV-10.
Changes in cytopathology and infectious virus production in
cells expressing scFv-aNS1. We chose BSR cells (a derivative
of the hamster kidney line BHK) for these experiments, be-
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FIG. 2. CPE of BTV-10 infection in the presence and absence of scFv-aNS1. Light microscopy of uninfected BSR-scFv-aNS1 cells (left panels)
or infected with BTV-10 at 1 day p.i. (middle panels) and 2 days p.i. (right panels) in the presence (top panels) or absence (bottom panels) of Dox.
Little-to-no CPE was observed in cells expressing the scFv-aNS1 molecule (bottom middle and bottom right panels), whereas extensive CPE
(typical of BTV infection in BSR cells) was observed in the presence of Dox (top middle and top right panels).

cause these cells are well known for their ability to support
productive BTV infection. Once we generated a successful cell
line that could be induced to express high levels of scFv-aNS1,
the next step was to examine whether expression of scFv-aNS1
has any effect on BTV replication process. Therefore, BSR-
scFv-aNS1 cells were infected with BTV in the absence or
presence of Dox (i.e., in the presence or absence of scFv-aNS1,
respectively) and both the cytopathic effects (CPE) and levels
of virus replication and infectivity of these were monitored.
When BSR-scFv-aNS1 cells were infected in the presence of
Dox and monitored by light microscopy, a typical pattern of
CPE was observed (Fig. 2, top panels) consistent with infection
of control BSR cells (data not shown). In contrast, little to no
CPE was observed at similar time points in BSR-scFv-aNS1
cells infected in the absence of Dox when the intrabody was
being expressed (Fig. 2, bottom panels), suggesting that the
scFv-aNS1 molecule was interfering with virus replication.
To further characterize the effect of scFv-alNS1 expression
on virus replication, we examined the levels of infectious virus
produced both intracellularly and in the culture medium from
cells infected with BTV in the presence or absence of Dox. To
our surprise, little difference was observed in the levels of
infectious virus (from 0.8 X 10° to 3 X 10° PFU/ml) found in
the cytoplasm of cultures raised in the presence or absence of
Dox, indicating that intracellular expression of scFv-aNS1 has
little or no effect on virus maturation and infectivity (Table 1).
It is interesting that this observation did not concur with the
CPE results that suggested that expression of scFv-aNS1 in-
hibited virus replication. When we examined the extracellular
culture medium from samples infected in the presence and
absence of Dox, furthermore, most-unexpected results were

obtained: a more than 10-fold increase in infectious virus pro-
duction was observed from cultures infected in the absence of
Dox (0.6 X 107 to 2 X 107 PFU/ml) compared to the results
seen with cultures with Dox (3 X10° to 5 X10° PFU/ml) (Table
1). These results indicate that scFv-aNS1 expression does not
in fact suppress virus replication as suggested by the CPE
results but rather enhances virus release from the infected cell.
Taken together, these results indicated that expression of
the scFv-aNS1 intrabody leads to a reduction in BT V-induced
cytopathology and a concurrent increase in infectious virus
production. On the surface these two observations seem to
contradict one another; however, they are reminiscent of the
pattern one observes when BTV infects its insect host: efficient
replication and infectivity with little to no pathogenicity.

TABLE 1. Infectious BTV titers produced in BSR-scFv-aNS1 cells”

BTV titer (PFU/ml) at indicated day p.i.

Doxycycline Intracellular Extracellular

1 2 1 2

+ 01X 10°(0.3) 3x10°(1.7) 5% 10°(0.1) 3 X 10°(0.2)
— 88X 10°(0.1) 1x10°(0.4) 2% 107(L5) 6 X 10°(2.6)

“ Virus titers were determined by standard plaque formation analysis of BSR
cells. Intracellular samples were collected by Dounce homogenization of cells in
DMEM and titration of the cytoplasmic supernatants. Extracellular sample re-
sults represent direct titration of the culture media. Intracellular and extracel-
lular virus samples were prepared and analyzed without detergent. Values rep-
resent the averages of three separate experiments conducted at 1 or 2 days p.i.
and are reported as PFU/ml.

b Standard deviations are shown in parentheses as 10° PFU/ml.
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FIG. 3. Velocity gradient analysis of NSl-containing subcellular
structures. BSR-scFv-aNS1 cells were infected with BTV-10 in the
presence (A) or absence (B) of Dox, radiolabeled with [**S]Met-Cys,
and analyzed by sucrose gradient centrifugation (20 to 60%), immu-
noprecipitation, and SDS-PAGE for the formation of NS1 tubules. A
typical pattern of multimeric NS1 distribution about two-thirds of the
way into the gradient consistent with tubule formation was observed in
the presence of Dox (A). In contrast, no NS1 protein was detected in
this portion of the gradient in the absence of Dox (B), indicating that
tubules were not formed.

NS1 tubule formation is inhibited in the presence of scFv-
aNS1 intrabody. As discussed above, one of the characteristic
features of BTV infection is the formation of abundant tubular
structures, or tubules, made up exclusively of multimeric forms
of NS1 within the cytoplasm of infected cells. In a previous
study it was shown that the carboxy terminus of the NS1 pro-
tein is critical in the formation of tubules and that this domain
is also the antigenic determinant of monoclonal antibody 10B1
(23), the antibody used to generate the scFv-aNS1 intrabody in
the present study. Therefore, it is reasonable to speculate that
expression of this intrabody in cells during BTV infection may
result in the inhibition of tubule formation. To examine this
possibility we infected BSR-scFv-aNS1 cells in the presence
and absence of Dox and analyzed tubule formation by sucrose
gradient centrifugation and radioimmunoprecipitation fol-
lowed by SDS-PAGE (Fig. 3). In the presence of Dox we
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FIG. 4. Pulse chase analysis of NS1 expression in the presence and
absence of scFv-aNSI1. BSR-scFv-aNS1 cells were infected with
BTV-10 in the presence (+) or absence (—) of Dox, pulse labeled
(P) with [**S]Met-Cys for 15 min, chased (C) with unlabeled medium
for 4 h, and analyzed by immunoprecipitation with RaaNS1 antiserum
and SDS-PAGE. Uninfected cells (uninf) were used as controls. NS1
protein was stable after the 4-h chase in the presence of Dox (fourth
lane from the left), whereas NS1 appeared to be degraded after 4 h in
the absence of Dox when scFv-aNS1 was being expressed (asterisk in
lane 8). Under these conditions all of the BTV structural proteins are
often coprecipitated with NS1 due to a weak interaction between
virions and the NS1 protein.

observed high-molecular-weight, multimeric forms of the NS1
protein in the gradient consistent with the formation of tubules
(Fig. 3A). When scFv-aNS1 intrabody was expressed in the
absence of Dox, in contrast, these multimeric NS1 structures
were absent (Fig. 3B) and only low-molecular-weight or mo-
nomeric isoforms of NS1 were detected in the upper fractions
of the gradient, suggesting that the intrabody was preventing
tubule formation during BTV infection. This observation is not
due to interference between scFv-aNS1 and the polyclonal
rabbit antiserum used for immunoprecipitation, because the
same result was observed by Western blot analysis (data not
shown).

To follow up on this observation, pulse chase analysis was
performed during BTV infection of BSR-scFv-aNS1 cells in
the presence and absence of Dox and cell lysates were analyzed
by immunoprecipitation and SDS-PAGE (Fig. 4). In the pres-
ence of Dox the NS1 protein remained stable after a 4-h chase
period, whereas very little NS1 was detected after the chase in
the absence of Dox. These results indicate that expression of
scFv-aNS1 plays a role in the degradation of NS1 during BTV
infection, most likely through a direct interaction with the
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FIG. 5. Ultrastructural analysis of BTV-10 infection in the presence and absence of scFv-aNS1. BSR-scFv-aNS1 cells were infected with
BTV-10 in the presence (+) or absence (—) of Dox and prepared for electron microscopy at 24 h p.i. as described in Materials and Methods.
(A) Typical effects of BTV infection in mammalian cells; these effects include the presence of cytoplasmic viral inclusion bodies (VIBs), tubules
(TUBs), and mature virus particles and areas of severe morphological destruction near the plasma membrane consistent with lytic release of virus.
(B) During expression of scFv-aNS1, no cytoplasmic tubules were detected and virus particles were seen exiting cells by budding from the plasma

membrane. Bar, 500 nm.

carboxy-terminal epitope and subsequent targeting of the NS1-
intrabody complex to the cellular degradation pathway.
Expression of scFv-aNS1 during BTV infection causes a
shift from lytic virus release to budding. In an effort to further
characterize the effects of scFv-alNS1 expression on cell mor-
phology, tubule formation, and virus release, we performed
ultrastructural electron microscopic analysis on BT V-infected
BSR-scFv-aNS1 cells in the presence and absence of Dox (Fig.
5). In the presence of Dox we observed the typical effects of

BTV infection in mammalian cells; these effects included the
presence of cytoplasmic inclusion bodies, tubules, mature virus
particles, and areas of severe morphological destruction near
the plasma membrane consistent with lytic release of virus
(Fig. 5A). In contrast, a very different effect was seen in the
absence of Dox. Although viral inclusion bodies and mature
virus particles could be seen, there were no cytoplasmic tubules
observed in any of the sections examined. Furthermore, indi-
vidual virus particles were often associated with the plasma
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membrane and were observed to be budding from the surface
of the cell (Fig. 5B). These results support the idea resulting
from the biochemical pulse chase analysis that intracellular
expression of scFv-aNS1 inhibits NS1 tubule formation and, as
a result, leads to a shift from lytic release of virus to budding
from the plasma membrane; they also support the hypothesis
that tubules play an integral role in the mechanism of virus
release from infected cells (4). We have attempted to deter-
mine whether infectious virions isolated from the medium of
insect cells (C636) or from BSR-scFv-aNS1 cells in the ab-
sence of Dox possess a lipid envelope; to date, they appear to
be nonenveloped (data not shown). We examined these virions
by velocity gradient sedimentation (in the presence or absence
of detergent) followed by electron microscopy (negative
stained or embedded and sectioned) and could not detect a
lipid envelope. Perhaps the BTV budding process results in a
transient or unstable envelope that is readily lost during virus
purification. Whether or not a lipid envelope modulates the
infectivity or life cycle of BTV in the insect host has yet to be
determined.

All of the experiments described in Results were also carried
out with additional cell controls, including BSR-EGFP, which
was used to monitor the effects of EGFP on BTV infection,
wild-type BSR cells, and BSR Tet-Off cells; in each case, there
were no demonstrable effects on BTV replication or tubule
formation (data not shown).

DISCUSSION

NS proteins play critical roles in virus replication, and elu-
cidation of their mechanisms of action is one of the central
themes in virus research today. An increasing body of evidence
shows that these NS proteins control many of the key replica-
tion and assembly processes within the infected target cell and
therefore may serve as suitable targets for antiviral interven-
tion strategies. In the present study we devised a way to inter-
fere with the intracellular function of the NS1 protein and the
formation of NS1-derived tubules of BTV, resulting in a strik-
ing reduction in cellular pathogenesis and a shift in virus re-
lease from cell lysis to budding, thus confirming the hypothesis
that viral NS genes do indeed encode critical functions in the
viral life cycle.

BTV is an Arbovirus member of the Reoviridae family and is
capable of infecting both mammalian and insect hosts. When
BTV infects a vertebrate host, especially domestic ruminants
such as sheep and cattle, it occasionally causes high levels of
morbidity and mortality manifested by mucosal edema, hydro-
thorax, hydropericardium, serosal hemorrhages, hypotension,
and shock (26, 27). Furthermore, infection of pregnant animals
often results in fetal infection, abortion, or congenital anom-
alies including runting, blindness, deafness, hydranencephaly,
arthrogryposis, campylognathia, and prognathia (17, 19, 26, 27,
33). In contrast, infection of insect vector hosts such as Culi-
coides species results in a high level of virus replication in the
midgut and salivary glands, with little to no detectable viral
pathogenesis on the whole. One of the major morphological
differences observed during infection of insect and mammalian
cells in culture is that virus appears to preferentially bud from
the plasma membrane of insect cells, leaving the cells relatively
intact over the course of a week or more, whereas in mamma-
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lian cell cultures a high proportion of virus remains cell asso-
ciated, leading to cell death and subsequent lysis within a day
or two. A recent study from our group shows that the NS
protein NS3 plays an important role in BTV egress (1) and may
be a key determinant of budding from insect cells due to its
high level of expression in that system (9).

It is not yet possible to introduce mutations into the genome
of BTV and study the effects of these changes on virus repli-
cation and pathogenesis, because a reverse genetics system has
not been developed for this dsSRNA virus genus. Therefore, we
employed an alternative approach to knockout viral protein
function, namely, intracellular expression of a single-chain an-
tibody fragment (scFv) with specificity to the NSI1 protein
(scFv-aNS1). We reasoned that infection of mammalian cell
cultures that ubiquitously express the scFv-aNS1 may lead to
observable changes in the viral life cycle due to interference
with NS1 function or tubule formation; indeed, this was the
case. Four major changes were apparent straightaway: first,
there was a tremendous reduction in virus-induced CPE; sec-
ond, there was a more than 10-fold increase in the amount of
virus released into the culture medium,; third, there was a shift
from lytic release of virus to budding from the plasma mem-
brane; and fourth, NS1 tubule formation was completely in-
hibited by scFv-aNS1 expression. Each of these changes, ex-
cept for the lack of tubule formation, is reminiscent of what
occurs during BTV infection of insect cells in culture.

On the basis of these findings we propose that the NS1
protein is a major determinant of pathogenesis in the verte-
brate host and that its mechanism of action is the augmenta-
tion of virus-cell association and not transport of virus to the
cell surface, which ultimately leads to lysis of the infected cell.
One observation, however, appears to contradict this proposal:
NS1 tubules are also found in abundance in BTV-infected
insect cells, and yet there is little CPE in the invertebrate
system, and progeny virions are released by budding. But as
mentioned earlier, the NS3 protein is overexpressed in insect
cells (9) and it has been clearly demonstrated to form a mo-
lecular bridge between calpactin, a component of the cellular
exocytic pathway, and the outer viral capsid protein VP2 (1). In
the present study, however, no change in the level of NS3
expression was observed in BT V-infected BSR-scFv-aNS1 cul-
tures with or without Dox (data not shown). With these find-
ings taken together, we propose that BTV-induced cellular
pathogenesis is a function of the relative ratio of NS1 tubule
levels to NS3 protein levels within the cytoplasm of infected
cells. When NS3 protein levels are low relative to NS1 tubule
levels, as in the case of mammalian cells, progeny virus accu-
mulates within the cytoplasm of the cell, leading to lysis and
cell death. When intracellular NS3 protein levels in insect cells
are high relative to NS1 tubule levels, however, NS3-directed
budding overrides the intracytoplasmic accumulation effect im-
parted by NS1. When NSI1 tubule formation was inhibited by
scFv-aNS1 expression in mammalian cells in the present study,
the residual NS3 protein levels may have been sufficient to
promote a shift from lytic release to budding. Further studies
are currently being conducted to test the hypothesis that NS1:
NS3 ratios contribute to BTV pathogenesis and release from
host cells.
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